Abstract: Changes in annual rainfall in five sub-regions of the Argentine Pampa Region (Rolling, Central, Mesopotamian, Flooding and Southern) were examined for the period 1941 to 2010 using data from representative locations in each sub-region. Dubious series were adjusted by means of a homogeneity test and changes in mean value were evaluated using a hydrometeorological time series segmentation method. In addition, an association was sought between shifts in mean annual rainfall and changes in large-scale atmospheric pressure systems, as measured by the Atlantic Multidecadal Oscillation (AMO), the Pacific Decadal Oscillation (PDO) and the Southern Oscillation Index (SOI). The results indicate that the Western Pampas (Central and Southern) are more vulnerable to abrupt changes in average annual rainfall than the Eastern Pampas (Mesopotamian, Rolling and Flooding). Their vulnerability is further increased by their having the lowest average rainfall. The AMO showed significant negative correlations with all sub-regions, while the PDO and SOI showed significant positive and negative correlations respectively with the Central, Flooding and Southern Pampa. The fact that the PDO and AMO are going through the phases of their cycles that tend to reduce rainfall in much of the Pampas helps explain the lower rainfall recorded in the Western Pampas sub-regions in recent years. This has had a significant impact on agriculture and the environment. 
were provided by the National Weather Service (Servicio Meteorológico Nacional) and the National Institute for Agricultural Technology (INTA). Data for the Pacific Decadal Oscillation (PDO), the Atlantic Multidecadal Oscillation (AMO) and the Southern Oscillation Index (SOI) were obtained from the online database at: http://www.esrl.noaa.gov/psd/data/climateindices/list/. 
Homogeneity Test
A series of climate data is uniform if "... variations have only been caused by variations in weather and climate" [24] . A climatic series may no longer be uniform if the measuring station has changed its location, instruments, or weather observation procedures [25] .
According to the previous statement, pre-1941 data were discarded because, in the period 1932-1940, the Argentine National Weather Service, proceeded to change the A type rain gauges that were previously used, by the B type rain gauges [26] .
The homogeneity of the precipitation series was tested using [27] Standard Normal Homogeneity Test (SNHT) on AnClim software [28] . The test was applied to series of annual values, using the average annual rainfall of each sub-region as a reference series.
For each series a series of ratios | i| were estimated between the observed value of the series to which the test was applied and the value of the reference series. The standardized series of ratios | i| were estimated for which i = ( i-i )/Sq (1) where and sq are the mean and sample standard deviation of the qi series. Let 1 ≤ ν < N and μ1 ≠ μ2 where N is the number of years of data available.
The purpose is to test the null hypothesis: : ~ 0,1 ∀ With respect to the alternative hypothesis:
The null hypothesis implies that the mean of standardized series zi does not change over time, whereas the alternative hypothesis suggests that for some time ν there is a change in the mean of the series.
The test statistic to determine whether a change has occurred in the mean of series zi is
where
z and z are the sample means of the first ν and last (N − ν) values of the series zi. If T0 is greater than some critical level for a given significance level of the test, the null hypothesis which states that the series is homogenous can be rejected. According to [29] , the critical values for the test at significance level α = 0.05 for a series length N = 70 is 8.800. To adjust the detected inhomogeneities, the setting method indicated in [30] was applied using the software AnClim [28] .
The average series was calculated for the homogeneous and the adjusted inhomogeneous annual precipitation series of each sub region which, in turn, was used to evaluate shifts in the mean value.
Detecting Shifts in the Mean
Shifts in mean annual precipitation were detected using Hubert's method of segmentation of hydrometeorological time series [31] . The precipitation time series for each sub region was calculated as the mean of the corresponding homogeneous series, as defined by the SNHT test.
Hubert's segmentation method divides the series into m segments (m > 1) so that the calculated mean over the entire series is significantly different from the means of neighboring segments.
Segmentation is defined as follows: Any series xi, i = i1, i2 with i1 ≥ 1 and i2 ≤ N where (i1 < i2) is a segment of the initial series of (xi), I = 1, ..., N.
Any division of the initial series into m segments is an m-order segmentation of this series. Thus, from a particular m order segmentation performed on the initial series, we define:
The segmentation obtained should be such that for a given segment order m, the standard deviation Dm is minimal. This is a necessary but not a sufficient condition to determine the optimal segmentation. It should be noted that the means of two adjacent segments must be significantly different. This constraint is met by applying the Scheffé test [32] .
The variability coefficient was calculated using the standard deviation and the mean of each respective segment.
2.3.The AMO-PDO-SOI-precipitation relationship
Teleconnections from AMO, PDO and SOI to annual rainfall were evaluated through Pearson correlation analysis. Since [33] consider that PDO events persist for over 20 years, correlation lags were performed from 1 to 20 years.
The AMO and PDO are ocean oscillations with negative and positive phases taking between 20 and 40 years [34] [35] [36] [37] , thus given total cycles of about 40 to 80 years ( Figures 2 and 3 ). Consequently, they can be associated with low frequency changes in rainfall. On the other hand, the SOI is an atmospheric index with an annual oscillation period [38] and is therefore associated with high frequency variations in rainfall ( Figure 4 ). 
Results and Discussion

Homogeneity Test
Twenty-six of the available annual rainfall series (Table 2) showed a T value smaller than the critical value [29] and can be considered homogeneous at the level of significance α = 0.05. The other eight series had T values greater than the critical value and were thus considered non-homogeneous. They were adjusted for the analysis by the setting method indicated in [30] . 
Detecting Changes in the Mean
The results for the sub-regional average annual rainfall series of the Argentine Pampas Region by Hubert's segmentation method [31] are detailed in Table 3 . The Rolling Pampa sub-region average ( Figure 5 ) showed two abrupt changes. 
Associations from Rainfall to the AMO, PDO and SOI
The most significant AMO teleconnections to precipitation in Argentina's Pampa Region were observed at lag −10 years in the Rolling (RP), Mesopotamian (MP), Flooding (FP) and Southern (SP) sub-regions and at lag −8 years in the Central Pampa sub-region (Table 4) .
The fact that these correlations are negative indicates that, when the Atlantic Ocean warms, rainfall tends to show a decrease in mean value and an increase in variability over much of the Pampa Region. This has a negative impact on agricultural production.
The fact that AMO significant correlations begin as much as lag −10, suggest that its influence is transferred very slowly to the atmosphere, and therefore it takes several years before sensible changes in rainfall behavior are detected.
It also suggest that AMO influence may be cumulative, requiring several years to reach an activation threshold strong enough to cause changes in rainfall behavior.
This also causes that, in spite that AMO is mainly a summer signal, it is capable of influencing annual values. Statistically significant PDO teleconnections to precipitation in Argentina's Pampa Region were observed at lags of 4 years in the Central Pampa sub-region, and at lags of 4 to 6 years in the Flooding and Southern Pampa sub-regions (Table 5 ). The fact that the correlations are positive indicates that as the North Pacific warms, precipitation increases in part of the Pampa Region and vice versa. Therefore, positive phases of this cycle favor the Argentine agricultural sector, while the negative phases are unfavorable.
As in the case of AMO, the fact that significant correlations begin as much as lag −10, suggest that its influence is transferred very slowly to the atmosphere, and therefore it takes several years before sensible changes in rainfall behavior are detected.
Similarly, PDO influence may be cumulative, requiring several years to reach an activation threshold strong enough to cause changes in rainfall behavior.
Although significant, all PDO correlations were weaker than those of AMO, showing that, by itself, It has little influence on the pampean rainfall regime. Nevertheless it may have some synergetic interaction with the AMO, whose cycle is almost inverse. Statistically significant SOI teleconnections to precipitation in the Argentina Pampa Region were observed during the first year of each period in the Flooding and Southern Pampa sub-regions and at lag 7 years in the Central Pampa sub-region (Table 6 ). The fact that the correlations are negative indicates that when the trade winds strengthen, precipitation decreases in part of the Pampa Region and, conversely, when the trade winds slacken, precipitation increases. Therefore, the negative half of the SOI cycle, associated with "El Nino" events, favors the Argentine agricultural sector while the positive half, associated with "La Niña" events, is unfavorable.
It must be pointed out that SOI correlations to annual rainfall are necessarily weak because this atmospheric index acts predominantly during the spring and summer [39] , and therefore its influence is blurred by the use of annual data. 
Conclusions
Hubert's method of segmentation of hydrometeorological time series [31] show that Argentina's Pampa Region is subject to sudden shifts in average rainfall.
The Rolling Pampa, the Mesopotamian Pampa, the Flooding Pampa and the Southern Pampa showed a quite similar behavior, that can be described as follows:
(1) Stable behavior during the middle and final portions of the XX Century. Consequences differed, according to the phisiography of each sub-region: As most of the Rolling Pampa has well-drained sloping soils, the increase in rainfall at the beginning of the century allowed the farmers to increase its production capacity, without being affected by flooding [40] .
The Southern Pampa sub-region briefly benefited of the short lived increase in rainfall experienced at the begining of the century, increasing its agricultural area and its livestock. Unfortunately, when rainfall abruptly returned to its previous level, the sub-region agricultural economy was severely affected, and dust storms began to be common [41] .
On the opposite, at the begining of the century, the positive shift in rainfall negatively affected the Flooding Pampa sub-region. Large tracts of low-lying land see extensive flooding, which greatly curtailed its productive capacity. The reduction of rainfall during the last several years helped the sub-region to recuperate [42] .
As previously told, the Central Pampa followed a particular evolution. The early positive shift experienced in the mid sixties, as well as the late one, observed in the late nineties, greatly favored an increase in crop growing area and livestock.
This process generated a state of high vulnerability to climate shifts, and therefore, when the rainfall average dropped in the early years of the new century, the sub-region suffered a severe negative impact, as well as a severe environmental impact [41] .
With regard to the possible causes of the variations described, the study showed the existence of teleconnections between climate fluctuation modes (AMO, PDO, and SOI) and precipitation, especially precipitation in the Central, Flooding and Southern Pampa sub-regions. In fact, the AMO showed significant negative correlations with all the sub-regions. On the other hand, the PDO and SOI showed significant positive and negative correlations respectively with the Central, Flooding and Southern Pampa.
Both the PDO and the AMO are going through phases that tend to reduce rainfall in much of the Pampas. This helps to explain the lower rainfall recorded in the western sub-regions of the Pampa Region in recent years, together with a consistent downward trend in production and the environment.
The AMO is currently going through a positive phase [43] while the PDO is undergoing a negative phase [44] . Their combined negative effects help explain the reduction in mean rainfall and the increase in rainfall variability during the last years of the period analyzed.
The negative teleconnection with the SOI accounts for the fact that Argentina's agricultural production increases during episodes of "El Niño" (weak trade winds) and decreases during episodes of "La Niña" (strong trade winds) [3, 45] .
As a final conclusion, it may be pointed that the results of this study shows that the Pampa Region experiences abrupt changes in its rainfall regime, that cause severe impacts in its agricultural economy and its environmental stability. As long as the PDO remains negative and the AMO positive, the rainfall regime will remain at its low state, and therefore, the Pampa Region will be at risk. This situation creates the risk that the agricultural production system may exceed the environment's carrying capacity, leading to decreased production and environmental degradation [46] .
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